Purpose-Human papillomavirus (HPV)-associated oropharyngeal squamous cell carcinoma (OPSCC) carries a distinct clinical behavior. c-Met oncogene is an important driver for tumor progression and its relationship with HPV in OPSCC was explored in the current study.
Introduction
Head and neck squamous cell carcinoma cancer (HNSCC) is the sixth most common malignancy worldwide (1) . HNSCC is currently considered as two major subgroups: human papillomavirus (HPV)-related and HPV non-related. HPV-related HNSCC occurs most frequently in the oropharynx, and has demonstrated better responses to radio/chemotherapy as well as significantly improved outcomes (2) (3) (4) . However, due to the heterogeneous nature of this disease, some populations are more aggressive than others. Although the incidence of HNSCC shows a decline overall, the incidence of HPV-associated disease is experiencing a steady uphill trend (5) . Currently the same standard therapy applies to both HPV-related and non-related HNSCCs; although different targeted therapies have been proposed for patients with HPV-unrelated HNSCC, there remains a paucity of identified targetable pathways for HPV-related HNSCC and consequently targeted approaches are limited at present in this disease.
HPV oncoproteins, E6 and E7, contribute most to the transforming activity of high risk HPVs, maintenance of the transformed phenotype, and proliferative capability (6, 7) . The tumor suppressors p53 and RB are two major targets of E6 and E7, respectively, and are inactivated by these interactions (7) . Inhibition of p53 and BAX/BAK by E6 impairs apoptosis and induces chromosomal instability. Inactivation of RB and activation of cyclins A and E by E7 facilitates cell proliferation and transformation. When co-expressed, E6 and E7 can synergistically immortalize and transform various human primary cells (8) . Recently we have shown that HPV E6 oncoprotein can upregulate EGFR to increase nuclear localization of β-catenin, which plays an important role in cell proliferation, migration, and invasion of HPV-associated HNSCC (9) . On the other hand, little is known about whether HPV oncoproteins regulate other tyrosine kinase receptors that are frequently overexpressed in HNSCC. c-Met is a tyrosine kinase receptor that is overexpressed in many solid tumors, including HNSCC (10) . Upon binding to its sole ligand, hepatocyte growth factor (HGF), c-Met activates multiple downstream pathways, including PI3K/AKT and RAS/MAPK pathways, to promote proliferation, migration, invasion and metastasis (10) . Furthermore, c-Met expression has been associated with worse outcomes in patients with locally advanced HNSCC (11) and targeting c-Met using monoclonal antibodies and specific kinase inhibitors has been proposed in clinical trials (12) (13) (14) . c-Met expression and its correlation with clinical-pathological features in HNSCC have been summarized in a review article by Nisa
HPV status determination
Formalin-fixed and paraffin-embedded specimens were tested for HPV DNA by the DNA in situ hybridization (ISH) method in the Emory Hospital Pathology Department. ISH was performed using the GenPoint Catalyzed Signal Amplification System (DAKO, Carpinteria, CA) according to the manufacturer's protocols, which can detect as few as 1-2 copies of HPV DNA, as described previously (23, 24) . Two previously defined HPV-positive OPSCC tissues were adopted as positive controls.
Western blot analysis
Cell lysates were collected and quantified as total protein content. Twenty to thirty micrograms of total protein for each sample were separated by 10% SDS-PAGE and transferred to Westran S membrane (Whatman Inc.), followed by incubation with primary and secondary antibodies. Primary antibodies were mouse anti-p53 and anti-E7 from Santa Cruz Biotech; rabbit anti-c-Met, rabbit anti-EGFR, and mouse anti-HER3, rabbit anti-Akt, rabbit anti-phospho Akt, rabbit anti-Erk, and rabbit anti-phospho Erk from Cell Signaling; and mouse anti-β-actin from Sigma Aldrich. Secondary antibodies were purchased from Santa Cruz Biotech.
Small interfering RNA (siRNA) transfection
Cells were seeded into 6-cm or 6-well plates and reached 30-50% confluency before transfection. siRNAs for HPV16 E6, p53, and c-Met (Santa Cruz Biotechnology, Santa Cruz, CA) were complexed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions and applied to each plate, respectively. The transfection medium was removed and replaced with complete medium after 6 hours.
Quantitative reverse transcription-PCR (qPCR)
Total cellular RNA was collected by TRIzol extraction (Invitrogen) and 2 µg RNA was used for reverse-transcription using SuperScriptIII reverse transcriptase. Two microliters of prepared cDNA sample was used for qPCR reaction using SYBR Green according to the manufacturer's instructions (Applied Biosystems). The primers used in the study are listed below:
The mRNA levels of E6 and c-Met were normalized to GAPDH levels within the same sample. Each analysis was conducted in triplicate.
Sulforhodamine B (SRB) colorimetric assay
The inhibition of cell proliferation by c-Met siRNA or c-Met inhibitor SU11274 was analyzed by SRB assay as previously described (25) . Briefly, 2×10 5 cells were seeded in 6well plates and incubated overnight. Cells were then treated with scrambled siRNA or c-Met siRNA for 24 hour and then 2×10 3 cells were replated in 96-well plates and allowed to grow for 1, 2, or 3 days before harvesting for colorimetric measurements. For inhibitor treatment, 2×10 3 cells were plated in 96-well plates and allowed to grow overnight, then cells were exposed to different concentrations of SU11274 (0, 0.05, 0.25, 1.25, 6.25 and 31.25 µM) and allowed to grow for 1, 2, and 3 days, respectively, before harvesting for colorimetric measurements. The dose selection was based on previous studies (26, 27) . All the experiments were performed in triplicate.
Wound healing assay
Wound healing assay was conducted using CytoSelect™ 24-Well Wound Healing Assay Kit (Cell BioLabs, Inc, San Diego, CA) following the manufacturer's instructions. Briefly, 2 × 10 5 cells (treated with scrambled or target siRNA for 24 hours) were digested with trypsin and replated on each side of the insert in a 24-well plate. Cell were allowed to form a monolayer and migrate for approximately 48 hours before being fixed and stained with 0.2% crystal violet containing buffered formalin. Cells were then washed, air dried and photos were taken using a dissection microscope for migration measurement.
Colony formation assay
Cells were seeded into 6-well culture plates at a concentration of 250 per well. After 24 hr incubation, cells were treated with fresh medium with 0, 0.5, 1, 2, 4, and 8 µM SU11274 in DMSO (DMSO < 0.03%, v:v) for 7-12 days to allow colony formation, as previously described (25) . Medium was refreshed every 3 days containing the corresponding concentrations of SU11274. The colonies were then briefly washed with PBS and stained with 0.2% crystal violet with buffered formalin (Sigma). Colony numbers were manually counted using ImageJ software. A colony is defined as ≥ 50 cells.
Immunohistochemistry (IHC) staining
Formalin-fixed, paraffin-embedded tissue sections were used for IHC staining according to the ABC method as described previously (28) . In brief, the sections were incubated with a primary antibody of anti-c-Met (1:100 dilution; Cell Signaling) or anti-p53 (1:100 dilution; DAKO), followed by secondary antibody and diaminobenzidine (DAB, Vector Laboratories, Burlingame, CA) staining. Nuclei were counterstained with Hematoxylin OS (Vector Laboratories). Immunoglobulin G was used as a negative control. 
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Statistical Analysis
The univariate association of c-Met expression with covariates was examined with analysis of variance or Wilcoxon rank-sum test for numerical covariates and chi-square test or Fisher's exact test for categorical covariates, where appropriate. Multivariable analysis of c-Met expression was carried out by entering all covariates into a logistic regression model and using a backward variable selection method with an alpha level of removal of 0.2. Survival functions were estimated by the Kaplan-Meier method and a log-rank test was used to assess the difference in disease-free survival (DFS) and overall survival (OS) between patients with high (≥ median) and low (< median) c-Met and p53 expressions (29) . A Cox proportional hazards model (30) 
Results

c-Met protein expression is regulated by E6 in HPV-positive HNSCC cell lines
We initially screened nine HNSCC cell lines and one cervical cancer cell line as the HPVpositive control (CaSki). The results showed that there was no clear association between c-Met status and HPV-positivity in these cell lines ( Fig. S1 ).
To test whether there is transcriptional regulation of c-Met by E6, we conducted qPCR analysis of c-Met mRNA change upon HPV E6 knockdown by a pool of 3-5 siRNAs specifically against E6 in CaSki, UM-SCC47, and SCC90 cells. The results showed that E6 knockdown significantly decreased c-Met mRNA levels in the three HPV-positive cancer cell lines, indicating a transcriptional regulation of c-Met by E6 ( Fig. 1A and 1B ). Furthermore, knockdown of E6 by siRNA significantly decreased c-Met protein levels in all of the HPV-positive cancer cell lines tested (Fig. 1C ) without affecting other receptor tyrosine kinases such as EGFR or HER3 ( Fig. S2 ). Quantification of c-Met and p53 protein level changes is shown in Fig. 1D and 1E, respectively.
Meanwhile, we also confirmed that E6 knockdown upregulated p53 protein levels, which correlated with decreased c-Met protein levels in these HPV-positive CaSki, UM-SCC47 and SCC90 cell lines. Statistical analysis showed that there is a significant negative correlation between changes in c-Met and p53 expression (r = −0.99, P = 0.05, Fig. 1F ).
p53 knockdown blocks the upregulation of c-Met by E6 in HNSCC cells
Based on recent evidence showing that p53 inhibits c-Met expression (15, 16) , we tested whether the regulation of c-Met by E6 is mediated by p53. First, we found that p53 siRNA knockdown increased the mRNA level of c-Met in CaSki cells and two HNSCC cell lines ( Fig. 2A and 2B ). Consistent with these mRNA changes, upregulation of c-Met protein was also found as a result of p53 siRNA knockdown (Fig. 2C ). 
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To test the hypothesis that E6 upregulation of c-Met is mediated by p53, we further knocked down both p53 and E6 by siRNA to assess whether the regulation of c-Met by E6 can be alleviated by p53 knockdown. The results showed that while E6 knockdown alone decreased c-Met expression, simultaneous knockdown of p53 reduced this inhibitory effect in CaSki, UM-SCC47, and SCC90 cells. Quantification of protein levels of c-Met and p53 is shown in Fig. 2D and 2E , respectively.
c-Met inhibition decreases cell proliferation, migration, and colony formation of HPVpositive HNSCC cells
To test whether c-Met is important in the proliferation of HPV-positive cancer cells, we knocked down c-Met by siRNA in CaSki, UM-SCC47, and 93-VU-147T cells and examined cell proliferation using SRB assay. We found that cell proliferation was inhibited by c-Met knockdown in a time-dependent manner in CaSki, UM-SCC47, and 93-VU-147T cells and the downstream signaling of c-Met was also inhibited (Fig. 3A) . To confirm this observation, treatment with a c-Met kinase inhibitor, SU11274, also inhibited cell proliferation dosedependently at 72h (Fig. 3A) . Similarly, a dose-dependent decrease in colony formation was found at concentrations of SU11274 ≥ 1 µM in CaSki, UM-SCC47, and 93-VU-147T cells (Fig. 3B ). In addition, the downstream signaling of c-Met was also inhibited after treatment with 10 µM SU11274 for 24h and 48h, respectively (Fig. S3 ).
Furthermore, we tested the effects of c-Met knockdown on cell migration and calculated relative migration after adjusting for the influence of cell proliferation. The data showed that cell migration was significantly decreased after c-Met knockdown in CaSki (P < 0.001), UM-SCC47 (P = 0.005), and 93-VU-147T (P < 0.001) cells, as shown in a representative image of cell migration in Fig. 3C .
Association of c-Met and p53 with HPV status in OPSCC patients
Among all patients with primary OPSCC, approximately 74% were HPV-positive. The majority of patients were Caucasian (88%), 8% were African American, and two patients were Hispanic. Given the limited numbers of non-Caucasian cases these were combined as non-Caucasians in the analysis. Patient characteristics are shown in Table S1 and detailed information for each patient is shown in Table S2 .
IHC staining of c-Met and p53 are shown in Fig. 4C and Fig. S4 , respectively. c-Met expression was found in the majority of the OPSCC patient samples (94%). Samples from four HPV-positive patients (7%) and one HPV-negative patient (5%) did not show c-Met expression. p53 expression was observed in 29% of HPV-positive OPSCC compared to 50% in HPV-negative samples, and chi-square test showed a marginal significance of P = 0.09.
Univariate analysis showed that c-Met was marginally related with tumor stage but not HPV status in the overall group of OPSCC patients (data not shown). However, multivariable analysis showed that c-Met protein levels were significantly related with HPV status and tumor stage after adjusting for race. High c-Met expression (≥ median) was found to be significantly associated with HPV positivity (HR = 4.11, 95%CI: 1.16-14.55, P = 0.028, Table 1 ) and advanced tumor stage (T1/T2 vs. T3/T4, HR = 0.27, 95% CI: 0.08-0.93, P = 0.039, Table 1 ). Further univariate analysis stratifying the OPSCC patients by tumor stage 
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Author Manuscript showed that only in T3/T4 patients, high c-Met levels (≥ median) was significantly associated with HPV positivity (P < 0.001) and marginally associated with low p53 levels (< median) (P = 0.066) and a younger age (P = 0.078, Table 2 ).
Prognostic values of c-Met in OPSCC patients
We found that c-Met expression was not associated with DFS while high p53 levels was associated with worse DFS on both univariate (data not shown) and multivariable analysis (Table S3 ) in OPSCC patients overall. Neither c-Met nor p53 was associated with OS in OPSCC patients overall (data not shown). We further examined the prognostic value of c-Met and p53 stratified by HPV status. We found that high c-Met and p53 was marginally associated with worse DFS (P = 0.078 and 0.065, respectively, Fig. 4A ; Table S4 ), but not OS in HPV-positive patients upon univariate analysis. Non-Caucasian patients and those with T3/T4 disease also tended to have a worse DFS (Table S4 ). Multivariable analysis showed that non-White, T3/T4 stage and high p53 expression level were significant predictors of worse DFS (Table S5) .
Clinical covariates such as tumor stage and smoking status were associated with OS on univariate analysis in HPV-positive patients (Table S6 ). Multivariable analysis showed that current smoking, older age, and high p53 levels were associated with worse OS in HPVpositive patients (Table S7 ). In HPV-negative patients, c-Met and p53 levels were not associated with either DFS or OS (data not shown).
Discussion
HPV-associated HNSCC has been recognized as a distinct clinical identity with the biology largely depending upon inactivation of the p53 and pRB tumor suppressors. Detailed molecular mechanisms underlying the particular phenotypes of HPV-associated OPSCC, however, remain poorly understood. We found that HPV E6 upregulates c-Met expression partially through p53 downregulation. This finding provides novel insights into the biology of HPV-driven HNSCC and may suggest a novel therapeutic target for this specific disease.
In this study we found that c-Met expression was significantly higher in HPV-positive OPSCC patient tumor samples and more prominently in patients with higher T stage (T3/T4) ( Table 2) . To our knowledge, this is the first study demonstrating such a positive link between c-Met and HPV in OPSCC. Previous studies showed that overexpression of HGF/c-Met was strongly correlated with HPV positivity in cervical cancer (32) and that c-Met overexpression significantly increased during cancer progression associated with HPV in anal cancer (33) , supporting our novel findings in OPSCC. Recent TCGA data from 279 cases of HNSCC revealed that HPV-positive tumors have significant somatic mutations in the oncogene PIK3CA, amplification of E2F1, and loss of TRAF3 but no significant genomic alterations in receptor tyrosine kinases (e.g., EGFR, HER3, or c-Met) (34) , supporting that these receptor tyrosine kinases are most likely genetically intact in HPVpositive tumors. It would be interesting to define the association between HPV status and transcriptional/translational regulation of c-Met. Moreover, high c-Met expression marginally correlated with worse DFS only in HPV-positive patients ( Fig. 4 and Table S4 ). Controversial findings exist regarding the prognostic significance of c-Met in HNSCC (11, 35, 36) . These discrepancies are likely due to differences in the tumor sites investigated, analytical methods used (whether HPV status is stratified, e.g.), and sample sizes. Future large-scale, prospective studies stratifying HPV status are necessary to dissect the prognostic significance of c-Met in HNSCC.
Considering the better response and more favorable outcomes of HPV-positive HNSCC patients, de-intensification of therapeutic regimens has been proposed and several clinical trials are ongoing to explore this approach (37, 38) . However, our data suggest that HPVpositive patients have heterogeneous outcomes in terms of DFS and therefore caution should be given with regard to de-intensification of therapy. A subgroup of HPV-positive patients seems to have a worse prognosis than others and identifying those patients is clinically important. A recent review paper concludes that discriminating between HPV-positive tumors that are related to smoking and alcohol consumption and those are not related to these risk factors is critical for prognosis analysis (39) . Our current data also show that coexisting conditions such as smoking may affect patient outcomes (Table S6 and Table S7 ). The identification of specific tumor-related biomarkers may help better direct treatment options. In the present study we showed that c-Met may serve as a prognostic marker in HPV-positive OPSCC, which warrants further validation in large-scale studies.
c-Met and its sole ligand HGF, play a crucial role in the oncogenic process, including the regulation of cell proliferation, migration, invasion and angiogenesis (40) . In the present study, we found that inhibition of c-Met expression by siRNA and a c-Met tyrosine kinase inhibitor, SU11274, remarkably decreased cell proliferation, migration, and colony formation of CaSki, UM-SCC47, and 93-VU-147T cancer cells, indicating an important role of c-Met in maintaining the aggressive phenotypes of HPV-positive cancer cells. These findings are similar to those of previous studies including our recent paper showing that HPV E6 knockdown results in decrease/elimination of oncogenic behaviors, such as cell proliferation and invasion of HPV-positive cancer cells (28, 41) .
It is speculated that high-risk HPVs may have evolved to adopt a stem cell-like state of the host cells in order to establish a persistent infection (42) . Since c-Met expression has proven important to promote self-renewal and maintain the stem cell features of HNSCC cells (43, 44) , it is possible that c-Met overexpression is favored by HPV E6 oncoprotein to facilitate its oncogenic process. We confirmed this hypothesis by showing that knockdown of HPV E6 significantly decreased c-Met expression at both the protein and mRNA level in diverse HPV-positive cancer cells ( Fig. 1A-1C ) without affecting other receptor tyrosine kinases such as EGFR and HER3 (Fig. S2) .
Mechanistically, we hypothesize that p53 downregulation by E6 may mediate the upregulation of c-Met in HPV-positive cancer cells. Our results showed that HPV E6 knockdown increased wild-type p53 protein levels and not surprisingly, a significant negative correlation between the change in c-Met and p53 expression was observed ( Fig. 1) , consistent with previous findings (15, 16) . Overexpression of wild-type p53 in cells often leads to cell cycle arrest and apoptosis (45, 46) , which adds to the complexity of elucidating of the relationship between p53 and c-Met. Instead we performed wild-type p53 knockdown in several HPV-positive cancer cells and showed that p53 knockdown upregulated c-Met mRNA and protein levels (Fig. 2) . We further showed that c-Met downregulation by E6 knockdown was obviously mitigated when p53 knockdown was performed simultaneously, demonstrating the interdependence of E6 and c-Met on p53 in HPV-positive disease. These in vitro data were also consistent with the clinical observation of the positive association between HPV status and c-Met expression. The limitation of our current study is that we did not distinguish wild-type p53 from mutant p53 in our OPSCC tissue IHC staining. It is possible that in HPV-positive population, there may be certain percentage of mutant p53 proteins which contribute to poor DFS. Taken together, our data strongly support that the regulation of c-Met expression by E6 is mediated through wild-type p53 downregulation and that c-Met may be a valid molecular target in HPV-positive HNSCC. The function of mutant p53 in regulation of c-Met expression remains currently unknown.
In summary, our data reveal a novel regulation of c-Met by HPV E6 oncoprotein that is mediated by p53 downregulation. In tumor samples from OPSCC patients, we also demonstrated that HPV-positive OPSCC samples have higher c-Met protein expression than HPV-negative tumors and that c-Met expression is prognostic of worse DFS in HPV-positive OPSCC. These findings together support the clinical investigation of c-Met as a prognostic factor as well as a molecular target in HPV-positive OPSCC patients. Future studies are warranted to validate these findings in different clinical settings. Table 2 Univariate association of c-Met with covariates stratified by Tumor Stage. 
*
The P-value is calculated by ANOVA or Wilcoxon rank-sum test for numerical covariates and chi-square test or Fisher's exact test for categorical covariates, where appropriate.
